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Summary
Background Exposure to cold or hot temperatures is associated with premature deaths. We aimed to evaluate the 
global, regional, and national mortality burden associated with non-optimal ambient temperatures.
Methods In this modelling study, we collected time-series data on mortality and ambient temperatures from 750 locations 
in 43 countries and five meta-predictors at a grid size of 0·5° × 0·5° across the globe. A three-stage analysis strategy was 
used. First, the temperature–mortality association was fitted for each location by use of a time-series regression. Second, 
a multivariate meta-regression model was built between location-specific estimates and meta-predictors. Finally, the 
grid-specific temperature–mortality association between 2000 and 2019 was predicted by use of the fitted meta-
regression and the grid-specific meta-predictors. Excess deaths due to non-optimal temperatures, the ratio between 
annual excess deaths and all deaths of a year (the excess death ratio), and the death rate per 100 000 residents were then 
calculated for each grid across the world. Grids were divided according to regional groupings of the UN Statistics 
Division.
Findings Globally, 5 083 173 deaths (95% empirical CI [eCI] 4 087 967–5 965 520) were associated with non-optimal 
temperatures per year, accounting for 9·43% (95% eCI 7·58–11·07) of all deaths (8·52% [6·19–10·47] were cold-
related and 0·91% [0·56–1·36] were heat-related). There were 74 temperature-related excess deaths 
per 100 000 residents (95% eCI 60–87). The mortality burden varied geographically. Of all excess deaths, 
2 617 322 (51·49%) occurred in Asia. Eastern Europe had the highest heat-related excess death rate and Sub-
Saharan Africa had the highest cold-related excess death rate. From 2000–03 to 2016–19, the global cold-related excess 
death ratio changed by –0·51 percentage points (95% eCI –0·61 to –0·42) and the global heat-related excess death 
ratio increased by 0·21 percentage points (0·13–0·31), leading to a net reduction in the overall ratio. The largest 
decline in overall excess death ratio occurred in South-eastern Asia, whereas excess death ratio fluctuated in 
Southern Asia and Europe.
Interpretation Non-optimal temperatures are associated with a substantial mortality burden, which varies 
spatiotemporally. Our findings will benefit international, national, and local communities in developing preparedness 
and prevention strategies to reduce weather-related impacts immediately and under climate change scenarios.
Funding Australian Research Council and the Australian National Health and Medical Research Council.
Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 
4.0 license.
Introduction
Earth’s average surface temperature has risen at a rate of 
0·07°C per decade since 1880, a rate that has nearly 
tripled since the 1990s.1 The acceleration of global 
warming has resulted in 19 of the 20 hottest years 
occurring after 2000 and an unprecedented frequency, 
intensity, and duration of extreme temperature events, 
such as heatwaves, worldwide. Exposure to non-optimal 
temperatures has been associated with a range of adverse 
health outcomes (eg, excess mortality and morbidity 
from various causes).2–6 All populations over the world 
are under certain threats from non-optimal temperatures, 
regardless of their ethnicity, location, sex, age, and 
socioeconomic status. For example, in China, 14·3% of 
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non-accidental mortality in 2013–15 might have been 
related to non-optimal temperatures, with 11·6% of 
deaths explainable by cold exposure and 2·7% explainable 
by heat exposure.7 In the USA, the risk of mortality 
increased by 5–12% due to cold exposure and 5–10% due 
to heat exposure between 2000 and 2006.8 An association 
between ambient temperature and mortality risk has also 
been reported in India, Australia, the EU, South Africa, 
and other countries and regions.9–11
Despite increasing evidence of the temperature–
mortality association, the relevant burden of mortality 
attributable to non-optimal temperatures has not been 
well quantified at the country and region level. The 
Global Burden of Diseases, Injuries, and Risk Factors 
Study (GBD) 2019 showed that non-optimal temperatures 
were among the ten leading causes of death worldwide.12 
GBD 2019 represents progress in quantifying the global 
burden of mortality attributable to non-optimal 
temperatures. However, considering that the study only 
used mortality data for non-optimal temperatures 
from eight countries, extrapolating the findings on a 
global level is difficult. In addition, GBD 2019 only 
used 12 causes of mortality to calculate all-cause 
mortality, and did not consider the spatio temporal 
variation in exposure–response curves between 
temperature and mortality.
Analysis of big data is required to solve inter-study 
differences in modelling, parameterisation, and results 
interpretation. We developed the Multi-Country Multi-
City (MCC) Collaborative Research Network in 2014 
to systematically assess temperature-related mortality 
risk across countries and regions using unified 
methodology.13 MCC studies used a three-stage analysis 
to calculate the burden of mortality attributable to non-
optimal temp eratures and estimated that 7·71% of total 
deaths in 13 countries or territories were attributable to 
non-optimal temperatures between 1985 and 2012 in the 
context of the MCC network.3,14 The MCC network has 
expanded in recent years, with data on time-series 
mortality and weather conditions updated to 
750 representative locations in 43 countries or territories. 
These countries and or territories account for 46·3% of 
the world’s population.
Because of the inevitability of climate change, it is 
urgently important to provide a global view of the relevant 
mortality burden and to push and develop 
Research in context
Evidence before this study
The association between non-optimal temperatures and 
premature deaths has been frequently reported, with the 
strength varying between different populations. However, the 
mortality burden attributable to non-optimal temperatures 
across countries and regions has not been well quantified at the 
global level. We searched PubMed, Scopus, Web of Science, and 
Google Scholar for studies published in English between 
database inception and Oct 20, 2020, that explore the 
temperature-related mortality burden. We used a combination 
of search terms, including “temperature”, “mortality”, “mortality 
burden”, “death”, “excess death”, and “attributable”. Most 
previous studies quantified the temperature-related mortality 
burden within a single country or small area (eg, several cities 
in Europe). One study explored this topic across 13 countries or 
territories. Another study estimated the global burden of 
temperature-related mortality on the basis of data of 12 causes 
of death from eight countries (five in Latin America and 
the Caribbean), and did not consider the spatiotemporal 
variation in the exposure–response relationship.
Added value of this study
To the best of our knowledge, this study is the first to provide a 
global overview of mortality burden attributable to non-
optimal temperatures and the temporal change at a spatial 
resolution of 0·5° × 0·5° between 2000 and 2019—the hottest 
period since the pre-industrial age. We modelled the variation 
in the exposure–response relationship between temperature 
and mortality, reducing the uncertainties of the mortality 
burden, using data on more than 130 million deaths from 
43 countries, which are located in five continents and 
characterised by different climates, socioeconomics, 
demographics, and development levels of infrastructure and 
public health services. The large sample size and its 
representativeness improved the generalisability of our results. 
We found that 5 083 173 deaths were associated with non-
optimal temperatures per year, accounting for 9·43% of all 
deaths and equating to 74 excess deaths per 100 000 residents. 
Most of these excess deaths were explainable by cold 
temperatures. The temperature-related mortality burden 
showed substantial geographical variation. Of all excess deaths, 
more than half occurred in Asia, particularly in Eastern and 
Southern Asia. Eastern Europe had the highest heat-related 
excess death rate and Sub-Saharan Africa had the highest cold-
related excess death rate. The average daily mean temperature 
of the studied grids rose by 0·26°C per decade between 2000 
and 2019, consistent with the large decrease in the cold-related 
excess death ratio and the moderate increase in the heat-
related excess death ratio. Taken together, however, the global 
excess death ratio declined.
Implications of all the available evidence
Our findings can help in understanding the impact of 
temperature events on population health globally, and across 
and within countries or regions. At a global level, the results 
indicate that global warming might slightly reduce net 
temperature-related deaths in the short term, although, in the 
long run, climate change is expected to increase the mortality 
burden. The disparate geographical patterns of temperature-
related mortality burden are important to consider in 
developing policies and strategies in climate change mitigation 
and adaptation, and health protection.
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intergovernmental strategies against the health impacts 
of temperature events. Therefore, we aimed to assess the 
global, regional, and national number of excess deaths 
associated with non-optimal ambient temperatures using 
the latest MCC data and a three-stage analysis strategy.
Methods
Data sources
The MCC network collects and updates daily time-series 
data on mortality and weather conditions from multiple 
countries. The details have been described in 
previous publications.3,14 The latest dataset covers 
750 locations in 43 countries or territories (two countries 
in Northern America, 13 in Latin America and 
the Caribbean, 17 in Europe, nine in Asia, one in Africa, 
and one in Oceania; appendix p 4). Figure 1 shows the 
750 locations with their average daily mean temperatures 
during the data collection periods. A detailed description 
of the data by continent and country is provided in the 
appendix (pp 2, 4). For each location, mortality was 
represented by daily counts of all-cause deaths. When 
such data were unavailable, mortality was represented by 
daily counts of deaths as a result of non-external causes 
(International Classification of Diseases-9 codes 0–799 or 
International Classification of Diseases-10 codes 
A00-R99). We developed our model using data on 
130 217 521 deaths from the 43 included countries.
Daily minimum and maximum temperatures between 
Jan 1, 2000, and Dec 31, 2019, were collected from the 
Global Daily Temperature dataset (grid size 0·5° × 0·5°) 
of the Climate Prediction Center. This dataset was 
developed, by use of a Shepard algorithm with 
observational data from 6000 to 7000 weather monitoring 
stations worldwide,15 as a benchmark for a range of 
reanalysis products and climate change models. Daily 
mean temperature was calculated by averaging daily 
minimum and maximum temperatures. Annual data on 
gross domestic product (GDP; standardised to the 
2005 rate) and population were provided by the Global 
Carbon Project at a spatial resolution of 0·5° × 0·5° per 
10 years between 1980 and 2010,16 which were used to 
calculate GDP per capita for each grid. In addition, GDP 
and population data at the central coordinate of each 
location were interpolated and extrapolated to the middle 
year of data collection to calculate the average location-
specific GDP per capita during the period. Annual 
mortality rate in each country in 2010 was extracted from 
the World Bank.
Statistical analysis
Temperature-related mortality burden was estimated at a 
spatial resolution of 0·5° × 0·5° by extending the 
three-stage meta-analytical approach that has been 
justified by our previous MCC studies.3,14,17 The key 
methodological innovation of this study is its prediction 
of the temperature–mortality association for areas 
without daily time-series data on mortality. An explanation 
of the methodology is provided in the appendix (p 2).
Briefly, in the first stage, the temperature–mortality 
association for each of the 750 locations was estimated 
by use of a quasi-Poisson regression with a distributed 
lag non-linear model,14
Yit~poisson (µit) 
log (µit)=α + cb(Tempit,lag=21) + ns(Timeit,df=8/year
+βDOWit, 
Figure 1: Average daily mean temperatures of the 750 locations from the 43 countries or territories included in the analysis
The colours represent the different ranges of average daily mean temperature during the data collection periods shown in the appendix (p 4).
Average daily 
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where Yit is the counts of deaths on day t in location i; α is 
the intercept; cb is the cross-basis function of two natural 
cubic splines for temperature during 0–21 lag days, with 
three internal knots placed at the tenth, 75th, and 90th 
temperature percentiles and an intercept and three internal 
knots placed at equally spaced values in the log scale of lag 
days; ns is the natural cubic spline for time with eight df 
per year to control for long-term trends and seasonality; 
and DOWit is a categorical variable for day of the week.
In the second stage, we collected location-specific 
predictors that could explain the majority of the 
heterogeneity in the temperature–mortality associations 
across locations. A multivariate meta-regression model 
was built between the reduced cumulative association for 
each location and five location-specific meta-predictors 
(ie, the continents, indicators for Köppen–Geiger climate 
classification,18 GDP per capita, the yearly average of daily 
mean temperature, and the range of daily mean 
temperature). These predictors have been shown to explain 
the heterogeneity of location-specific associations.3,14,17
In the extended third stage, the temperature–mortality 
association between 2000 and 2019 was predicted for 
Overall Cold-related Heat-related












Global 5 083 173 
(4 087 967–5 965 520)
100·00% 4 594 098 
(3 337 222–5 640 617)
100·00% 489 075 
(304 216–732 518)
100·00%
Americas 391 469 
(349 949–434 634)
7·70% 334 710 
(294 660–385 116)
7·29% 56 759 
(29 551–93 707)
11·61%
Northern America 191 414 
(164 919–219 455)
3·77% 171 350 
(148 863–196 266)
3·73% 20 064 
(8703–35 204)
4·10%




3·94% 163 360 
(134 007–194 240)
3·56% 36 695 
(20 064–59 526)
7·50%
Europe 835 897  
(740 194–929 440)
16·44% 657 185 
(585 782–723 962)
14·30% 178 712 
(142 070–227 795)
36·54%
Northern Europe 85 878 
(75 113–96 426)
1·69% 71 445 
(63 009–78 495)
1·56% 14 433 
(10 658–19 559)
2·95%
Southern Europe 166 485 
(151 444–181 291)
3·28% 130 312 
(118 584–140 789)
2·84% 36 173 
(29 677–45 340)
7·40%
Western Europe 173 037 
(153 969–191 754)
3·40% 140 271 
(125 698–153 056)
3·05% 32 766 
(25 376–42 719)
6·70%
Eastern Europe 410 497 
(357 620–459 748)
8·08% 315 157 
(274 617–352 139)
6·86% 95 340 
(76 914–120 295)
19·49%
Africa 1 214 035 
(140 886–2 213 802)
23·88% 1 188 486 
(106 557–2 197 519)
25·87% 25 549 
(15 385–38 113)
5·22%
Northern Africa 125 446 
(27 007–206 661)





Sub-Saharan Africa 1 088 589 
(114 390–1 995 715)
21·42% 1 070 221 
(88 971–1 984 511)
23·30% 18 368 
(10 831–27 876)
3·76%
Asia 2 617 322 
(2 345 204–2 857 273)
51·49% 2 393 300 
(2 183 014–2 625 909)
52·10% 224 022 
(112 925–366 535)
45·81%
Central Asia 40 461 
(35 952–44 266)
0·80% 37 802 
(34 426–41 543)
0·82% 2659  
(957–4961)
0·54%
Southern Asia 1 025 049 
(901 671–1 137 823)
20·17% 913 436 
(819 340–1 019 089)
19·88% 111 613 
(61 937–173 188)
22·82%
Western Asia 126 815 
(113 180–138 871)





Eastern Asia 1 235 428 
(1 137 659–1 318 445)
24·30% 1 155 656 
(1 078 254–1 247 619)
25·16% 79 772 
(35 814–139 634)
16·31%
South-eastern Asia 189 569 
(158 500–216 544)
3·73% 168 295 
(142 100–193 278)
3·66% 21 274 
(9498–36 426)
4·35%
Oceania 24 450 
(15 401–35 023)









0·38% 16 684 
(10 751–23 579)
0·36% 2640  
(424–6056)
0·54%




0·10% 3733  
(1945–5566)
0·08% 1393  
(504–2566)
0·28%
eCIs=empirical CIs. *Other regions in Oceania are defined as all areas outside of Australia and New Zealand in Oceania. All other regions in the table are defined according to 
the UN Statistics Division (M49) regional groupings.
Table 1: Annual average excess deaths due to non-optimal temperatures and regional proportions for 2000–19 by continent and region
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each grid individually by use of the fitted meta-regression 
from the second stage and the five meta-predictors at the 
grid level. The reference was set at the temperature value 
associated with the lowest risk of mortality (the minimum 
mortality temperature). The GDP per capita in 2010 was 
used to represent the grid-specific average between 
2000 and 2019. Globally, there are numerous grids with 
very low or no population. To improve modelling stability, 
analyses were restricted to grids with a perceptible 
population size, which was defined as grids with at least 
one death annually. The annual deaths in each grid were 
calculated on the basis of the annual mortality rate of the 
country in which the grid was located and the population 
counts in the grid in 2010. This calculation assumed an 
identical mortality rate across all grids inside the country. 
Excluding grids with an imperceptible population size 
meant that 48 909 of 74 812 grids were included in the 
models, accounting for 99·995% of the world’s 
population.
For each grid i on a specific day t, the excess deaths 
due to non-optimal temperatures (EDit) were calculated 
as:19,20 EDit=(RRit – 1) × Di, where RRit is the cumulative 
relative risk extracted from the grid-specific 
temperature–mortality association predicted in the third 
stage and Di is the daily average of annual deaths in 2010 
to capture the mortality burden purely derived by 
temperature change from 2000 to 2019. Daily counts 
were summed to get the annual excess deaths. The 
empirical CIs (eCIs) were calculated by use of Monte 
Carlo simulations (500 samples) to quantify the 
uncertainty in estimating excess deaths. In addition, the 
ratio between annual excess deaths and all deaths of a 
year (ie, the excess death ratio) and the annual excess 
death rate per 100 000 residents were also calculated. 
For a systematic assessment, the temperature-related 
mortality burden was described as due to all non-
optimal cold temperatures and all non-optimal hot 
temperatures. The cold and hot temperatures were 
defined as temperatures either lower or higher than the 
minimum mortality temperature. In the interpretation 
of our results, grids were divided by region according 
to the regional groupings of the UN Statistics 
Division (M49) and by indicators of the Köppen–Geiger 
climate classification.21 
The temporal change in temperature-related burden 
was explored as change per decade in excess death ratio 
and rate, and also as change in excess death ratio by 
region compared with the 2000–03 average. To compare 
our results with those of GBD 2019, the 43 countries 
from the MCC network were grouped into the seven 
countries included in GBD 2019 (except for New Zealand 
because of the paucity of data) and the remaining 
36 countries. A classic two-stage time-series analysis was 
done by use of a relative temperature scale considering 
the various temperature ranges across locations. The 
pooled relative risk of mortality by temperature percentile 
was calculated for the two groups.
Figure 2: Average annual excess deaths due to non-optimal temperatures in 2000–19 at a spatial resolution 
of 0·5° × 0·5°
(A) Overall annual excess deaths. (B) Cold-related annual excess deaths. (C) Heat-related annual excess deaths. 
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Although the parameterisations in the first two steps 
have been justified previously,3 we still tested the 
robustness of the main findings via a series of sensitivity 
analyses (eg, by changing the maximum lag from 21 days 
to 28 days and the positions or numbers of knots for the 
temperature or lag dimensions), a list of which can be 
found in the appendix (appendix p 10).
All data analyses were done by use of R software, 
version 3.4.3. The dlnm package was used to fit the 
distributed lag non-linear model and the mvmeta package 
was used to fit the multivariate meta-regression.17,22
Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.
Results
Between Jan 1, 2000, and Dec 31, 2019, the average daily 
mean temperature was 15·23°C (SD 10·40) across grids 
with a perceptible population size (appendix pp 5, 11). 
Eastern Europe had the coldest average daily mean 
temperature (2·36°C [SD 5·06]) and the warmest 
climates appeared in South-eastern Asia (26·35°C [2·19]) 
and regions in Oceania other than Australia and 
New Zealand (26·05°C [1·90]; appendix p 5). The global 
mean ambient daily temperature increased at an average 
rate of 0·26°C per decade (SD 0·44) between 
2000 and 2019, varying from the highest rate of increase 
in other regions in Oceania (0·48°C per decade [0·23]) to 
the temperature decreasing at a rate of –0·16°C per 
decade (0·53) in Southern Asia (appendix p 5).
Globally, 5 083 173 deaths (95% eCI 4 087 967–5 965 520) 
were associated with non-optimal temperatures per 
year, consisting of 4 594 098 cold-related deaths 
(3 337 222–5 640 617) and 489 075 heat-related deaths 
(304 216–732 518; table 1). Of all excess deaths, 51·49% 
occurred in Asia, 23·88% occurred in Africa, 16·44% 
occurred in Europe, 7·70% occurred in the Americas, 
and 0·48% occurred in Oceania (table 1). Most grids with 
a high density of excess deaths were in large, low-lying, 
crowded coastal cities in Eastern and Southern Asia and 
cities in Eastern and Western Europe (figure 2).
Average excess deaths related to non-optimal 
temperatures accounted for 9·43% (95% eCI 7·58–11·07) 
of global deaths (74 deaths per 100 000 residents), 
with 8·52% of deaths explainable by cold temperatures 
(67 deaths per 100 000 residents) and 0·91% explainable by 
hot temperatures (seven deaths per 100 000 residents; 
table 2). The excess death ratio and rate per 100 000 residents 
showed regional differences. For example, compared with 
the global average, the excess death rates were nearly 
double in Eastern Europe and Sub-Saharan Africa and 
slightly less than half in Latin America and the Caribbean 
and South-eastern Asia (table 2). Specifically, Sub-
Saharan Africa had the world’s highest cold-related excess 
death rate and the heat-related excess death rate in 
Eastern Europe was nearly five times higher than the 
global average (table 2). Europe was the only continent 
where both cold-related and heat-related excess death rates 
were higher than the global average. Maps on grid-specific 
excess death ratio and rate (0·5° × 0·5°) provide a finer 
overview of temperature-related mortality burden across 
worldwide populations (figure 3; appendix p 12). For 
example, despite the low average excess death rates in 
Latin America and the Caribbean, the grid-specific values 
Excess death ratio (95% eCIs) Excess deaths 
per 100 000 residents (95% eCIs)












































































































































































































































































eCIs=empirical CIs. *Other regions in Oceania are defined as all areas outside of Australia and New Zealand in Oceania. 
All other regions in the table are defined according to the UN Statistics Division (M49) regional groupings.
Table 2: Excess deaths ratio and deaths per 100 000 residents due to non-optimal temperatures in 
2000–19 by continent and region
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indicator
were higher on its western coastline (appendix p 12). 
Excess death ratios and rates associated with non-optimal 
temperatures were higher in polar and alpine climates 
than in other climate zones (indicators of the Köppen–
Geiger classification), with most cases associated with heat 
exposure (appendix p 6).
From 2000–03 to 2016–19, the global excess death ratio 
changed by –0·51 percentage points (95% eCI 
–0·61 to –0·42) for cold temperatures and increased by 
0·21 percentage points (0·13–0·31) for hot temperatures, 
resulting in a net decline of –0·30 percentage points 
(–0·44 to –0·13; appendix pp 7–9). Figure 4 shows the 
temporal change in excess death ratio by region, 
in comparison to the 2000–03 average. From 
2000–03 to 2016–19, the cold-related excess death ratio 
declined in most regions, except for Northern Europe and 
Southern Asia (figure 4). The greatest decline in the cold-
related excess death ratio occurred in South-eastern Asia 
and other regions in Oceania. The heat-related excess 
death ratio increased in most regions from 2000–03 to 
2016–19, especially in Europe and Oceania (figure 4). 
However, the changing rates of cold-related and heat-
related excess death ratios resulted in different net 
temperature-related burdens by 2016–19 in each region. 
Figure 3: Average annual excess death ratio and change in average annual excess death ratio per decade due to non-optimal temperatures in 2000–19 at a 
spatial resolution of 0·5° × 0·5°
We present overall annual excess death ratio (A) and change per decade (B), cold-related excess death ratio (C) and change per decade (D), and heat-related excess 
death ratio (E) and change per decade (F). Only grids with at least one annual death were included.
2 6 10 14 18 24 –6 –2 –1 0 1 2 7
2 6 10 14 18 24 –6 –2 –1 0 1 2 7
0·05 2·00 5·00 14·00 18·00 24·00 –1·5 –1·0 –0·5 0 0·5 1·0 1·5
A Overall excess death ratio (%) B Overall change per decade
C Cold-related excess death ratio (%) D Cold-related change per decade
E Heat-related  excess death ratio (%) F Heat-related change per decade
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The net ratio declined substantially in Africa, Oceania, 
and South-eastern Asia, but increased in Southern Asia 
and Europe in a fluctuating pattern. Figure 3 and the 
appendix (p 12) show the changing nature per decade of 
the excess death ratio and rate at a spatial resolution of 
0·5° × 0·5°. Finer geographical disparity could be observed 
within regions. For instance, northern areas of 
Latin America and the Caribbean had a more substantial 
decline in cold-related excess death ratio per decade than 
did other areas of this continent (figure 3).
Due to various limitations in the methodology of 
GBD 2019, the authors might have underestimated the 
global temperature-related mortality burden. Indeed, in 
our time-series analysis, the relative risk of mortality 
from both hot and cold temperatures was lower for the 
group of countries in GBD 2019 than for the remaining 
36 countries in the MCC network (appendix p 13). 
Furthermore, the results of our sensitivity analyses 
indicate that our main findings are robust under a series 
of parameter changes during modelling (appendix p 10).
Discussion
This study estimated the global burden of mortality 
associated with non-optimal temperatures at a spatial 
resolution of 0·5° × 0·5°, and explored the temporal 
change from 2000 to 2019. We found that there were 
5 083 173 deaths per year associated with non-optimal 
temperatures, accounting for 9·43% of global deaths and 
equating to 74 temperature-related excess deaths per 
100 000 residents. Most excess deaths were linked to cold 
temperatures (8·52%), whereas fewer were linked to hot 
temperatures (0·91%). Globally, from 2000–03 to 
2016–19, the cold-related excess death ratio changed by 
–0·51 percentage points and the heat-related excess 
death ratio increased by 0·21 percentage points, leading 
to a net decline of –0·30 percentage points. The temp-
erature-related mortality burden and its temporal 
changes showed disparate geographical variations.
Previous evidence shows that the strength of the 
temperature–mortality association can be modified by 
geographical, climatological, socioeconomic, and demo-
graphic factors at the population level.3,17,23 By 
October, 2020, only a few studies had quantified the 
variation of temperature-related mortality burden across 
countries and territories. Based on data of 74 million 
deaths from 13 countries or territories, a previous MCC 
study estimated that 7·71% of total deaths could be 
attributable to non-optimal temperatures, with the 
Figure 4: Regional change in annual excess death ratio between 2000 and 2019 compared with the 2000–03 average
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burden varying geographically.3 For example, in Asia, the 
temperature-attributable fraction of mortality was much 
lower in Thailand (3·37%) than in China (11·00%). 
Another study that used similar variables estimated that 
the temperature-attributable fraction of mortality in India 
was 7·3%.9 Despite using different outcome indices, 
these results are largely consistent with our findings. By 
contrast, GBD 2019 reported a lower global temperature-
related mortality burden (nearly 4%) than we do.12 Further 
inconsistencies exist for regional estimations. For 
example, GBD 2019 estimated that the mortality burden 
for hot temperatures is higher than the mortality burden 
for cold temperatures in Southern Asia, which is opposite 
to the findings in our study and a previous report based 
on daily observational data of deaths.9 A possible 
explanation is that GBD 2019 estimated the global 
temperature-related burden on the basis of data from 
only eight countries, including five countries from Latin 
America and the Caribbean. This paucity of data might 
have introduced a representation issue. Furthermore, the 
calculation of temperature-related mortality burden only 
considered 12 causes of death. Moreover, a series of 
uncertainties were introduced during the fit of cause-
specific exposure–response curves. For example, various 
numbers of knots were used for different causes of 
mortality, some cause-specific exposure–response curves 
were forced mono tonically, and only significant parts of 
the exposure–response curves were considered, which 
might only account for less than a quarter of the whole 
curves. As a result, the global temperature-related 
mortality burden might have been underestimated, as 
supported by our analysis showing that the relative risk of 
mortality from both hot and cold temperatures was lower 
for the seven countries in GBD 2019 than for the 
remaining countries in the MCC network.
Our study found that more than half the excess deaths 
occurred in Asia, and especially in low-lying and crowded 
coastal cities in Eastern and Southern Asia. This result 
highlights how arduous the task will be for 
Asian countries to reduce the adverse effect of tempera-
ture on local population health and the sub stantial 
challenge to their health-care systems. The number of 
excess deaths is largely associated with popu lation size. 
To systematically evaluate the geo graphical variation in 
temperature-related mortality burden, we introduced 
another two indices: excess death ratio and excess death 
rate (per 100 000 residents). Eastern Europe had the 
highest heat-related excess death rate and Sub-
Saharan Africa had the highest cold-related excess death 
rate. Although Oceania only accounted for a small 
number of excess deaths, its excess death ratio and rate 
were still substantial compared with other regions. The 
lowest excess death ratio and rate occurred in 
Latin America and the Caribbean and South-eastern Asia. 
However, the results of a high-resolution analysis 
revealed a high heat-related mortality burden at the 
population level along the west coastline of Latin America. 
This geographical variation suggests that the health 
threat of non-optimal temperatures is a global issue, 
requiring international collaboration to develop tailored 
health protective strategies for each region. Our previous 
MCC study found that most deaths attributable to hot 
and cold temperatures were brought forward by at least 
1 year.24 Combined with this finding, our new results 
strongly suggest that non-optimal temperatures are one 
leading cause of disease burden for population health.
Our study also explored the temporal change in 
temperature-related mortality burden from 2000 to 2019. 
The global daily mean temperature increased by 0·26°C per 
decade during this time, paralleled with a large decrease in 
cold-related deaths and a moderate increase in heat-related 
deaths. The results indicate that global warming might 
slightly reduce the net temp erature-related deaths, 
although, in the long run, climate change is expected to 
increase mortality burden. However, regional disparities 
exist, with the ratio of cold-related excess deaths decreasing 
in South-eastern Asia. Southern Asia was the only region 
where the daily mean temperature per decade decreased, 
paralleling the increase in cold-related and overall excess 
deaths between 2000 and 2019. As a result, local countries 
should be aware of the effect of cold temperatures when 
developing health promotion strategies. In comparison, 
despite the substantial reduction in cold-related excess 
deaths in Oceania, the heat-related excess death ratio 
increased between 2000 and 2019 by more than most other 
regions. Europe was another continent where heat-related 
excess death ratio increased. Considering the inevitable 
warming trend in the next decades, the mortality burden 
associated with heat exposure is predicted to increase 
substantially in both continents.14
This study has some strengths. First, to the best of our 
knowledge, it is the largest investigation of the adverse 
impact of non-optimal temperatures on population 
health. Compared with previous studies confined to 
country-level or region-level estimations,3,7 the high-
resolution (0·5° × 0·5°) map provides an overview of 
mortality burden associated with non-optimal temp-
eratures at the global level and within specific subregions. 
Our findings will help national and local governments 
and international communities to develop better cold 
weather plans and early warning systems, and more 
efficient health protection strategies against global 
warming. Second, the assessment of average temp-
erature-related mortality burden and the temporal trend 
between 2000 and 2019 provides a better understanding 
of how global warming has affected different populations 
worldwide. Finally, we developed the model using data 
on more than 130 million deaths from 43 countries or 
territories, which are located in five continents and 
characterised by different climates, socioeconomics, 
demographics, and development levels of infrastructure 
and public health services. This large sample size and the 
representativeness of data helped to ensure the high 
quality of our findings at the global level.
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Several assumptions and limitations should be 
acknowledged. In this study, we explored the temporal 
change in temperature-related mortality burden by fixing 
socioeconomic factors (ie, population, mortality, and 
GDP per capita) at the 2010 level. This assumption allows 
the results to reflect the excess death burden purely 
caused by temperature change. Another assumption is 
the identical mortality rate across grids within the same 
country, which was implemented because of the paucity 
of grid-specific mortality data. This assumption should 
not have substantially changed our findings at the country 
or large region levels; however, some over estimation or 
underestimation might exist at finer geographical scales, 
which can be improved in the future with available 
mortality data at the grid level. We built the multivariate 
meta-regression using five meta-predictors, which have 
been shown to explain the majority of heterogeneity in 
the temperature–mortality association across locations.14 
However, we were unable to adjust for other potential 
effect modifiers (eg, age structure, sex, and deaths caused 
by influenza) because of a paucity of data. Sparse data 
from Southern Asia, the Arabian Peninsula, and Africa 
outside of South Africa could have reduced the modelling 
accuracy in these regions. This issue warrants further 
exploration and should be lessened in the future with an 
extended MCC network. We used modelled temperature 
data for grid-specific analyses because of the paucity of 
observational data for each grid. However, previous 
studies have found only very small differences in effect 
estimates between the two methods.25,26
To conclude, a substantial burden of mortality is 
attributable to non-optimal temperatures, which exhibits 
complex geographical and temporal patterns worldwide. 
Our findings call for decisive and coordinated action to 
raise public awareness of temperature as a health risk. 
The variation in regional and local mortality burden 
associated with non-optimal temperature warrants in-
depth exploration to design adaptive strategies against 
both excess heat and cold that protect health.
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